Flow noise excited at specific frequencies controlled by a closed-loop plasma control system was demonstrated in this work. The flow around a cylinder was perturbed in either upstream-direction or downstream-direction by dielectric barrier discharge plasma actuators installed on the cylinder. A pressure sensor installed downstream to the cylinder measures the wake fluctuations and completes the whole closed-loop. Compared to the results without feedback control, the wake fluctuations are strengthened at specific frequencies. The related physical mechanisms and the prediction formula are discussed, which is beneficial for understanding plasma actuation, and the method could find applications in aeroacoustics.
I. Introduction
Dielectric barrier discharge (DBD) plasma actuators are extensively studied for the potential applications in flow active control.
1, 2 Although flow control solutions exist in the form of various aerodynamic modifications and optimizations, it is apparent that these passive solutions do not always work at off-design conditions. The demand for active flow control solutions has received increasing attention. The development of efficient control strategy is one of the predominant topics investigated for developing flow control.
The practice of using DBD plasma for flow control is not new and the history is reviewed in the literature 3 and its references. However, the invention by Roth 4 of producing sufficient quantities of plasma means that new flow control devices can be developed that yield an increase in performance with a net saving in energy. 5 The basis of using DBD plasma for flow control is to manipulate the neutral gas (air) by an electric field.
5
Through particle collisions, momentum is transferred to the neutral gas via the plasma. Therefore, a net motion of the plasma will generate a net motion in the surrounding neutral particles thus affecting the flow around the aerodynamic surface (see Fig. 1 ). Existing literature has shown plasma actuator induced velocities reaching 8m/s 6 while experiments have seen plasma actuators applied to the control of the flow and noise around an airfoil. 7 The particular benefit of DBD plasma actuators is the simplicity and absence of any mechanical moving parts.
8 Figure 1 shows the electronic circuits of an E-type amplifier and the diagram of a plasma actuator used in this work.
Although the precise flow control physics is far from being understood clearly and more research needs to be done, in most flow active control applications it is evident that the nature of the flow surrounding a plasma actuator element on an aerodynamic surface is altered, 9, 10 leading to global changes in flow physics. To modify mean flow at higher speeds most present efforts are being focused on the optimization of plasma actuators with higher control authority, which, however, is difficult due to the low ionization degree under atmospheric conditions.
In this work a different method with a feedback control design was investigated. It is motivated by the observations of cavity flow oscillations that are driven by inherent acoustic feedback. 6, [11] [12] [13] The fluid disturbances generating in the upstream boundary layer develop in the shear layer and impinge on the downstream cavity corner. The scattering sound wave radiates to the upstream cavity corner and induces extra fluid disturbances. The whole physical process constitutes a positive feedback loop. The resultant sound waves are tonal (see Fig. 2 ). The dominant tonal frequency depends on the most unstable mode in the closed-loop. Feedback control with plasma actuators has been applied in cavity flow control case to suppress the tonal noise of a cavity. 13 The surface pressure data are passed through a band-pass digital filter to remove the low-frequency wind-tunnel noise and the high-frequency tonal noise of the plasma actuator. The negative feedback signal is then fed into the proportional-integral-derivative (PID) operator, whose coefficients were firstly tested using a variable structure model and were subsequently tuned manually online. The results showed 16 dB attenuation of the dominant Rossiter's mode for a closed-loop system, and, compared to the open-loop control in which the plasma actuators continue to operate, the PID method improved the power efficiency by at least 45%, confirming the advantage of the closed-loop control methodology.
On the other hand, cylinder wake is a classical sheared flow that amplifies disturbances. However, the system lacks an inherent acoustic feedback like that in cavity. The intrinsic oscillation frequency depending on the Strouhal number is low. Our research shows that the introduction of the feedback control with plasma actuation 8, 14 enables a flow oscillation at a much higher frequency. Figure 3 illustrates the experimental configurations. The cylinder is made of a foam material to prevent electric interference to plasma actuators. The cylinder diameter is 100 mm. The intrinsic shedding frequency is almost 50 Hz at U ∞ = 30 m/s. Two pairs of plasma actuators located on the top cylinder surface. The width of the on-surface electrodes exposed to air is 10 mm. The width of the electrodes insulated by the dielectric material is 20 mm. The length of the plasma actuators is 350 mm, which is consistent with the size of the test section. Silicon rubber of thickness 1 mm is the dielectric material, which smoothly covers the whole cylinder. The insulated electrode is grounded and the on-surface electrodes are applied to an 8 kV peak-to peak AC voltage.
II. Experimental Setup
As shown in Fig. 4 , the exposed electrodes can be switched on/off, respectively, according to the control inputs. As a result, one plasma actuator (plasma actuator A in Fig. 3a) can induce an actuation in a form of body force that pushes local flow in the upstream direction and the other plasma actuator (plasma actuator B in Fig. 3a) generates an actuation in the downstream direction. For brevity, we denote those actuators as upstream and downstream plasma actuators. It is worthwhile to emphasize that the upstream plasma actuator and the downstream plasma actuator share the same grounded electrode. The other two plasma actuators with the same function and set-up are installed on the other side of the cylinder. The plasma actuators are installed on the surface from almost θ = ±60 deg to ±90 deg (θ = 0 is the stagnation point of the test model). Different layout might be more suitable in terms of the resultant flow manipulation capability. A sensor (1/4 inch Brüel and Kjaer microphone) was placed downstream to the cylinder [(x, y, z) = (100, 0, 0) mm] to measure the instantaneous pressure fluctuations in the cylinder wake, which are used to determine the direction of plasma actuation. That is, the upstream plasma actuators will be activated if the amplitude of the wake fluctuation at the testing point is positive, and the downstream plasma actuators will be activated if the sensor amplitude is negative. Moreover, it is also straightforward to include a phase lag in the closed-loop. The sampling rate is 48 kHz. The frequency of plasma actuation is 10 kHz. Figure 5 shows the related controller implementation. The objective of the butterfly filter is to suppress potential interference at high frequencies of plasma actuation harmonics. Two digital-analog-converters (DAC, DS1104DAC in Figure 5 ) produce upstream-and downstream-directed actuations respectively. The sampling rate of the whole system is 20 kHz and consequently the square wave frequency is set to 10 kHz. When the pressure fluctuation measured from analog-digital-converter (DS1104ADC in Figure 5 ) is larger than 0, the bottom DAC outputs square waves that drive upstream-directed actuation to counteract it, and vice versa. As a result, a negative feedback control loop between the plasma actuators and the sensor is constructed. The entire closed-loop imitates a cavity flow system to some extent, which will be evident in the following discussions in Section 3. Flow oscillations can thus be induced by the feedback control at specific frequencies, which are not sub-harmonic and harmonic frequency of actuator driving frequency. In contrast, an open-loop control is prone to influence flow field particularly at the driving frequencies, or sub-harmonic frequency by nonlinear fluid mechanisms.
As shown in Fig. 3 , the flow field is visualized using particle imaging velocimetry (PIV) in the x−y plane. The PIV system is produced by Dantec Measurement Systems. Two Gemini Nd:YAG lasers by NewWave Research illuminate the flow field at 16 Hz double pulse repetition rate. The seeding particles are from a Safex S195G smoke seeder by Marin Professional. The typical sizes of the non-spherical particles are 2mm in diameter. The particles are homogeneously distributed into the flow to trace the flow patterns. A Dantec HiSense (type 13 gain 4) 1024 × 1289 resolution charge-coupled device camera is operated in a double frame mode at 2 Hz. The experiments were conducted at a 0.9 m×0.6 m wind tunnel. The experimental set-up, including the test model and various sensors and actuators, can be found in Fig. 3 . Figure 7 shows the mean flow solely induced by the upstream-directed plasma actuators. The flow field is visualized using particle imaging velocimetry (PIV) in the x − y plane. The velocity is calculated by performing time-domain analysis (cross-correlation technique) on the successive 250 PIV images. It can be seen that the induced flow speed is quite low (almost 1 m/s) by the present plasma actuators. The velocity field induced by the downstream-directed plasma actuators is similar and not shown here for brevity. We have achieved larger induced velocity 6 by applying higher voltage to plasma actuators. In this work, the potential breaking of the dielectric material (1mm silicon rubber) at very high voltage prevents that operation. We will show below that feedback control strategy can characteristically disturb the flow patterns at U ∞ = 30 m/s, even with this small flow actuation. Previous work has been performed on a cylinder at Reynolds numbers 8.5 × 10 4 . 15 It was found that the cylinder wake width can be con trolled and vortex shedding from the cylinder can be suppressed. In this work the experiments were conducted at a Reynolds number on the order of 1 × 10 5 . A tonal noise at 10 kHz and its harmonics is from the plasma itself. dead zone values were empirically tuned in the experiments. This technology helps the control system rejects external disturbances and reduces the required power consumption. Figure 9 shows some instantaneous flow visualization results, which are controlled by open-loop strategies. It can be seen that the wake width will be modified by switching the plasma actuators between the downstream-directed actuation and the upstream-directed actuation. The investigation of a closed-loop flow visualization requests a PIV that can synchronize the working frequency of the closed-loop system (20 kHz), which is beyond the capability of the available equipment. Hence, we elucidate the inherent fluid mechanisms of the proposed closed-loop control system from a theoretical perspective. Firstly, we should recall control-oriented model of cavity problems (see Fig. 10 ), 12 where A s (s) denotes the transfer function of cavity shear layer, G s (s) indicates the transfer function of sound generation and scattering, A f (s) is the transfer function of acoustic feedback, and R v (s) represents the transfer function of receptivity to generate vortical structures. , where τ 2 is sound propagation delay, τ 2 = L/C, L is the cavity length and C is the local sound speed. The complete transfer function between input disturbances and the sound radiation is
III. Results and Discussion
where
The cavity self-sustained oscillations are expected to happen at the frequencies where P (jω) becomes unstable. The infinite growth will finally be checked for practical viscous flows. According to the Barkhausen stability criterion, P (jω) becomes infinite at an angular frequency ϖ, at which
where m is any integer number. The oscillation frequency f is ϖ/2π. From Eq. (2), we can achieve the Rossiter's formula that predicts the oscillation frequency f for a positive feedback cavity flow system,
where L is the cavity length, m is any integer, M is the Mach number of the freestream that appears in the formula due to acoustic feedback; K is a constant that satisfies U c = KU ∞ , U c is the convection speed of vortical structures in the shear layer, K was generally assumed 1/1.75; and γ reflecting phase shift in shear layer was empirically set to 0.25.
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In this work, similar control-oriented model has been developed for the problem of interest. It is worthwhile to notice three differences from the cavity problem: (1) no acoustic scattering; (2) negligible acoustic feedback; and (3) negative feedback. The entire system is
which oscillates when
Then, a new empirical formula to predict the oscillation frequency is proposed here:
According to Fig. 8(c) , four dominant modes due to feedback control can be found at 263 Hz, 407 Hz, 602 Hz, and 795 Hz. The above formulation, Eq. (6), predicts the oscillation frequencies of 214 Hz, 386 Hz, 557 Hz and 729 Hz at m = 1 to 4, respectively, if the empirical values of K = 1/1.75 and γ = 0.25 from the Rossiter's formula are still adopted. Those predications are underestimated by almost 50 Hz. This could be caused by the inappropriate values of K and γ, which were estimated from the cavity flow problems. We conduct linear fitting for experimental data in Fig. 11 . It shows that K = 0.6 and γ = 0.12 for this bluff body flow at U ∞ = 30 m/s, suggesting a smaller phase shift in the cylinder wake. 
IV. Summary
The interesting results showed that flow perturbations due to plasma actuations can be amplified within a wake flow at specific frequencies with the closed-loop control. One may argue that other active control can demonstrate similar findings just with open-loop strategies. Those oscillations with open-loop methods normally have a frequency depending on the driving frequencies.
In this work, the oscillation frequencies have no dependence of the frequencies of plasma actuation. The dominant oscillation frequencies are much higher than the inherent bluff body shedding frequency. More importantly, the analysis developed in this work suggests that the oscillation frequencies can be easily modified by simply adjusting the closed-loop phase lag. A new formula has been proposed to predict the oscillation frequencies and to instruct the closed-loop design.
It is worthwhile to notice that the feedback control strategy adopted in this work is simply bang-bang type, because the power supply is E-type amplifier. If we conduct amplitude modulation in the feedback loop by adjusting switching pulse width, serious electromagnetic interference could impede the function of the pressure sensor. The potential applications include mixing enhancement and thermoacoustic instability suppression.
